ABSTRACT. The biomass, abundance and species composition of phytoplankton in the Kennebec estuary, Maine, USA, were investigated in relation to hydrography and light regime during 7 seasonal survey cruises. The salinity distribution ranged from 32 at the mouth to between 0 and 5 at the head. depending on the magnitude of freshwater discharge at the time of each survey. Maximum vertical salinity and temperature gradients were observed at the mouth, while local tidal mixing, combined with the freshwater flow, produced a well-mixed water column at the head of the estuary. The middle portion of the estuary was stratified on flooding and ebbing tides, but was vertically well mixed at high and low tides. Phytoplankton biomass was lowest in winter (chlorophyll a = 1 pg 1-l) and highest in summer (up to 10 pg 1-'). The phytoplankton species assemblages at the seaward and the riverine ends of the estuary were made up of taxa with corresponding salinity preferences. Both cell numbers and biomass (chlorophyll a) exhibited a bimodal distribution along the length of the estuary in the warmer months, with the middle portions of the estuary having depressed phytoplankton standing stocks compared with the seaward and landward ends. This bimodal distribution was related to light limitation and nutrient regeneration in the middle portion of the estuary and to the production of and advective contributions of phytoplankton from both the freshwater and seaward ends.
INTRODUCTION
The Kennebec River estuary of Maine, USA, is a drowned river valley that extends approximately 35 km from its mouth to Merrymeeting Bay where the Androscoggin and Kennebec Rivers converge to form the Kennebec estuary (Fig. 1) . Combined discharges from the Androscoggin and Kennebec Rivers range from about 150 m3 S-' in late summer to >600 m3 S-' during the period of peak spring runoff. The estuary experiences relatively large tides, characteristic of the Gulf of Maine, and is one of the most important estuaries in the Gulf of Maine region in terms of the volume of freshwater discharged (Apollonio 1979) . To date there have been no studies of the oceanographic characteristics of the Kennebec estuary, except that detailed in a technical report covering a few hydrographic stations taken by Francis et al. in 1953. Thus, prior to the work reported here there was little known about the hydrography, light regime, or phytoplankton dynamics in the Kennebec estuary despite its apparent ecological importance to the region. The purpose of the work reported here was to begin to assess the relationships among the biomass and species composition of dominant phytoplankton and various physical and environmental factors during each season. These factors included primarily the hydrography and the light regime as each varied with season and degree of freshwater discharge. The study was part of a larger program designed to compare the significance of varying levels of freshwater discharge and the resulting patterns of circulation, particle dynamics, and biological and geochemical processes in the Kennebec estuary and 2 neighboring estuaries, the Sheepscot and the Damariscotta (Laursen et al. 1996 , Mayer et al. 1996 , Schoudel 1996 . 
MTERIALS AND METHODS
A total of 7 surveys of the Kennebec estuary were conducted on the RV 'Gulf Challenger' (University of New Hampshire); these were conducted on 26 September 1993 , 9 February 1994 , 5 May 1994 , 9 June 1994 , 5 July 1994 , 1 September 1994 , and 16-17 September 1995 . The first 6 surveys included longitudinal sampling of 7 to 10 stations spaced from the mouth to -69.9 -69.8 -69.7 the head of the estuary (except February 1994 when ice conditions allowed only 3 stations to be sampled).
4n, spherical LiCor underwater quantum sensor (LIThe location of the mouth of the estuary was arbitrarily 193SA) corrected for variations in incident solar radiadefined by the outermost station among the stations tion with a matched cosine quantum sensor (LI-19OSA) sampled on all cruises (43"44.33 'N, 6go45.9'W; Fig. 1 ).
mounted on the deck of the ship. The PAR data were With the exception of September 1995, sampling on used to determine the diffuse attenuation, or extinceach survey began at the mouth of the estuary at high tion, coefficient (k) using Beer's Law, e.g. tide and proceeded toward the head as the tide was I -I -k~ ebbing. A l l stations were sampled in less than 4.5 h for z -oe (1) each survey. where I, and I. are irradiance values received at 2 conDuring the September 1995 survey the estuary was secutive depths and z is the change in depth in meters. divided into 2 halves, with the upper (northern) half On all cruises, subsamples were taken from the being sampled 4 times during a tidal cycle (high tide, Niskin bottles for phytoplankton studies and biogeoebbing tide, low tide and flooding tide) in one day and chemical analyses following pre-screening through the lower half on the next day in order to minimize the 200 pm mesh netting. Chlorophyll a (chl a) and phaeoconfounding effects of the semidiurnal tide. Sampling pigments were determined fluorometrically (Parsons et was done from various depths in the center of the al. 1984). Phytoplankton cell counts were made only for channel and from the top 1 m on each side of the chansurface water samples (ca 1 m depth). The samples nel as close to shore as the vessel could reach. Each were preserved with acidified Lugol's solution (Parson transect was finished within 90 min. et al. 1984) and concentrated for counting in the laboraTemperature and salinity were determined using tory as follows: A 100 rnl sample was allowed to settle in either a Neal Brown or a Sea Bird CTD. Water samples a graduated cylinder for 48 to 72 h. It was then concenwere collected at various depths using Niskin bottles trated by drawing off from the top a volume of from immediately following the CTD cast on the first 6 sur-50 to 90 m1 (thus giving a concentration factor of 2 to 10 veys; in September 1995 a CTD/rosette package was for the remaining sample). This settling procedure thus used, enabling simultaneous collection of CTD data allowed mostly larger species of phytoplankton (miand water samples.
croplankton, ca 20 to 200 pm) to be retained for identifiVertical profiles of photosynthetically active radiacation. A 1 ml subsample was then injected into a Sedgtion (PAR) in the water column were measured using a wick-Rafter counting cell and enumerated under 100 to 200x magnification with a compound microscope. The entire contents of the counting cell were enumerated, resulting in 500 to 3000 cells identified to species (when possible) for each sample. In addition to this procedure, samples from the September 1995 cruise were prepared for epifluorescence microscopy with the dual DAPI/proflavine staining method as described by Sieracki et al. (1993) . 100 m1 of sample was fixed by adding 0.6 m1 of 50% stock glutaraldehyde, yielding a 0.3 % final concentration. Samples were then placed in a refrigerator for 48 h and processed in the laboratory following the cruise. Subsamples of 5 to 20 m1 were gently filtered onto black, 25 mm diameter, 0.8 pm pore size Nuclepore filters (Costar). The filters were then flooded with 100 p1 DAPI (250 pg ml-' of 4,6-diamidino-2-phenylindole, Sigma Chemical Co.) and 4 min later 100 p1 proflavine (250 pg ml-' of 3,6-diaminoacridine as hemisulfate salt, Sigma Chemical Co.) was added and filtered. Filters were mounted on microscope slides with a drop of immersion oil and a cover slip placed on top. The slides were stored in the dark at -18OC and were examined 5 mo later using a Nikon Episcopic-Fluorescence microscope with attachment EFD-3 and filter sets B-2A (for chlorophyll; excitation filter at 450 to 490 nm, dichroic mirror at 505 nm and barrier filter at 520 nm) and UV-2E/C [for DAPI; excitation filter at The concentrations of nutrients, e.g. nitrate (NO3), nitrite (NOz), ammonium (NH,), silicate (SiO,), phosphate (PO,) and particulate phosphate (PP), were analyzed by T. Loder and A. Shoudel at the University of New Hampshire, and are reported in Schoudel (1996) and Mayer et al. (1996) . Particulate organic carbon (POC), particulate organic nitrogen (PON), and suspended particulate matter (SPM) were analyzed by L. Mayer and A. Laursen at the University of Maine (Laursen et al. 1996 , Mayer et al. 1996 . Total suspended particulate material (SPM) measurements were made according to the methods in Strickland & Parsons (1972) .
RESULTS

Hydrography
Water temperatures changed progressively from the mouth to the head of the estuary; in summer the sea water was colder and river water was warmer while in winter the opposite was true. The maximum difference between surface and bottom water temperature was found in July at the lower estuary, with the colder bottom water (-9°C) entering the estuary as coastal water. The deep water layer was significantly warmer in September 1993 and September 1994 (-12°C ) than other ume of freshwater being discharged. The lower salinity riverine water flowing in at the surface and saltier water entering the estuary at the bottom resulted in maximum vertical stratification in the middle and lower estuary (0 to 15 km from the mouth). The positions of specific isohalines differed among seasons (Figs. 2 & 3) . In May 1994, isohalines were pushed down the estuary and showed the greatest horizontal gradient at the lower estuary, reflecting the increased freshwater discharge as a result of spring runoff. The variations of isohaline positions in other months were not as pronounced. Vertical stratification was most pronounced in the lower and middle estuary on all cruises and generally decreased from the mouth to the head. Data collection in the upper estuary and freshwater zone (>25 km)
Lat~tucie (M~nutes)
was always performed while water was ebbing from the river, and the surface-to-bottom difference in density was always less than 2 kg m-3 at maximum stratification Maximum vertical stratification occurred in May 1994 when the amount of freshwater runoff was at its peak m late spnng Salinity profiles at high tide, ebbing tide, low tide and flooding tide in September 1995 are shown in Fig 3 The water column was stratifled
Latltude (M~nutes)
in the lower estuary throughout the tidal cycle while stratification in the middle and upper estuary occurred at ebbing tide and flooding tide but broke down at slack water dunng both high and low tides In the freshwater zone, salinities were close to 0 and no vertical density gradient was detected concentrations ranged from 0.8 to 1.1 pg 1-' in the only portion of the estuary that was free of months. However, the temperature at the upper estuary was the warmest in July.
The density structure was controlled by salinity, with contour plots of sigma-t matching almost exactly those of salinity; for this reason plots of salinity only are presented here. Vertical sections of salinity (Figs. 2 & 3) indicate that the Kennebec can be classified as a partially mixed estuary: salinity changed gradually from the surface to the bottom with the fresher water flowing in from the river on the surface and diluting the saltier seawater invading from the bottom. In the upper estuary, the water column was well mixed by tidal mixing as well as by the force of the relatively large volice and w h~c h could be sampled (4.7 to 21.1 km from the mouth). The distribution was more or less homogenous, with only slightly higher subsurface concentrations at the upstream station. In May 1994, the chl a concentrations peaked in the lower estuary at about 10 km from the mouth, with the highest value of 5.3 pg 1-' at 5 m depth. The chl a concentrations were lowest in the middle portion of the estuary and then increased slightly farther upstream, resulting in a bimodal biomass distribution. This mid-estuary chl a minimum zone was observed again in June, July and September 1994, at about the same location (17 to 23 km from the mouth). In each case the chl a concentrations D~stance from mouth of estuary (km) increased gradually away from the middle portion of the estuary and toward both the riverine and seaward ends. The highest chl a concentrations were observed in June in the lower estuary (10.2 pg 1-l). Concentrations at the mouth were low in summer (2.8 pg 1-' in September 1994 and 3.9 pg 1-' in July 1994). In all surveys, the subsurface chl a values at the mouth of the estuary were greater than surface values, while the surface values at the head were similar to or greater than the subsurface values. It is possible that the low surface chl a at the mouth is a result of dilution by the phytoplankton-poor water from the middle estuary. The highest chl a concentrations in the upper estuary were measured at the uppermost station on each cruise and were generally greater than the highest values measured in the lower estuary. In September 1993, a similar bimodal pattern of chl a distributions was observed but the location of the chl a minimum was closer to the lower estuary than in the other surveys. The chl a minima were found at salinities between 10 and 20 in those months that had prominent bimodal chl a patterns, i.e. September D~stance from mouth of estuary (km) 1993, June, July and September 1994. In September 1995, chl a concentrations (Fig. 5) were measured from about 5 km from the mouth to the upper estuary, reaching the freshwater zone 4 times during a tidal cycle. The bimodal pattern of chl a distnbutions was observed again, with the minimum zone found between 10 and 20 km from the mouth.The position of the chlorophyll minimum shifted with the tide, from 10 km upstream of the mouth of the estuary at low tide to 20 km upstream at high tide (Fig. 5) . In addition to mid-channel samples, chl a was also measured at the surface (1 m) on both sides of the channel, where bottom depths were less than the center channel. There were no significant differences between the channel values and those on the banks, indicating the water is laterally well mixed between the channel and the banks. Phytoplankton abundance (number of cells ml-l, or number of colonies/trichomes ml-') showed a similar pattern to that of the bimodal chl a distributional patterns, supporting the assumption that chl a was an adequate indicator of phytoplankton abundance. However, the peaks were not directly proportional to one another because of individual differences in cell volume and chl a per cell among the dominant species. Throughout the whole estuary, diatoms were the most abundant group, with cyanobacteria following in second place although occurring only in the upper estuary. The lower estuary assemblage was mainly made up of coastal diatom species, including Skeletonema costaturn (September 1993, 25.5%; June 1994, 17. (June 1994, 43.5 %) and Eucampia zodiacus (September 1995, 3.9% ). In the upper estuary, the phytoplankton community was made up of diatoms, cyanobacteria (present in high abundance only in September of the 3 consecutive years) and green algae (Chlorophyceae). The major species in the upper estuary were Coscinodiscus rothii (February 1994, 11.2%; September 1995, 8 .9%), Cyclotella sp. (September 1995, 25.2%), Aulacoseira granulata (September 1993, 17.2%; September 1994, 27 .5 %; September 1995, 14.4 %), Asterionella formosa (February 1994, 21 .0 %; May 1994, 14.9 %), Lyngbya nana (September 1995, 17.3%), Oscillatona acuminata (September 1995, 3.9%) and Nodularia spumigena (September 1993, 13.7 %; September 1994, 3.9 %) . Clumps of Polycystis sp. colonies were found floating on the surface and were clearly observable with the naked eye in the region around Twing Point on the September 1995 cruise. True benthic forms of diatoms were found only in very small numbers (Cymbella sp., Fragilaria sp., Gyrosigma sp., Navicula sp. and Synedra sp.). The filarnentous cyanobacteria present In the Kennebec estuary were typical species of the intertidal zone, salt marsh and shallow water, apparently growing on bottom sediments and rocks as epiphytes (Humm & Wicks 1980 , Whitford & Schumacher 1984 . Dinoflagellates were present in very low abundance except in June and July 1994.
Three groups of phytoplankton were identified from the September 1995 survey (Table 1) using epifluorescence microscopy: Synechococcus sp. (coccoid Cyanobacteria), cryptophytes (Cryptophyceae) and chlorophytes (Chlorophyceae). These groups were not repre- sented in the settled samples reported for the other cruises primarily because of their small size, which ranged from 0.8 to 20 pm. Synechococcus sp. reached a density of 1.9 X 104 cells ml-' at salinities between 27 and 29 and decreased to 1.2 X 104 cells ml-l at 20. At a salinity of 11, the density was 3.9 X 103 cells rnl-l. The densities of cryptophytes were 1.0 to 1.3 X 103 cells n~l-' at the 3 stations in the lower estuary and 4.1 X 102 cells ml-' further upstream at Fish Plant. In the upper estuary, where the salinity was between 0.07 and 1.72, Synechococcus sp. and cryptophytes were not observed; they were either absent or masked by the great amounts of sediment and debris in the samples. The densities of chlorophytes increased gradually from the lower estuary toward the upper estuary, ranging from 1.2 X 103 to 1.1 X 104cells ml-'. The densities of Synechococcus sp. in the Kennebec estuary are comparable to the densities reported for the Gulf of Maine, where they range from 103 to 104 cells rnl-' (Glover et al. 1985 , Murphy & Haugen 1985 . Murphy & Haugen (1985) also found that the numbers of photosynthetic eukaryotic cells were generally an order of magnitude lower than the numbers of cyanobacteria, which is also true in the Kennebec estuary. The concentration of chl a and abundance of the major phytoplankton taxa are plotted in Fig. 6 as a function of salinity for the sampling surveys in September 1993, and May, June, July and September 1994. Chl a maxima were found at both the freshwater and seawater ends of the estuary, with the lowest values always being found at salinities between 10 and 20. The species composition of the phytoplankton was correlated with salinity; for example, the coastal specles Chaetoceros debilis, Skeletonema costa turn and Thalassiosira decipiens were the 3 most abundant species at the mouth of the estuary, but declined in abundance with decreasing salinity toward the freshwater end. In September of 1993 and 1994, the densities of another group of species, made up of Aulacoseira granulata, a centric diatom, and Nodulana spumigena, a filamentous cyanobacterium, began to increase from the middle estuary to the upper estuary. The densities of green algae also increased in the upper estuary.
Light attenuation
On the first 6 cruises, the extinction coefficient, k , increased from 0.21 m-' in the lower estuary to 2.41 m-' in the upper estuary. Similar values at specific parts of the estuary were obtained throughout all the cruises except that of February 1994, during which the lowest k values were found (0.21 to 0.87 m-'). In September 1995, k varied from 0.5 to 2.0 m-' and increased from the middle estuary to upper estuary.
The percentage of light attenuated by phytoplankton chlorophyll was calculated as
where k c M , (Harding et al. 1986 ). The total extinction coefficient as well as the percentage of light attenuated by chl a at all stations where data were available showed that phytoplankton standing stocks were responsible for less than 7.5 % of the total k a t the turbid freshwater end of the Kennebec estusry, whereas in the clearest portion of the system (the seaward end) the corresponding values were as high as 27.2%. The relative importance of phytoplankton in attenuating light was lowest in the middle estuary and corresponded with the chl a minimum zone just discussed.
The depths of 1 % light, or the compensation depths (z,), were calculated as in Eq. ( l ) , with the depth z substituted by z,, Thus, the depth of 1 % surface irradiance is:
The computed compensation depths (1 % surface irradiance) are plotted in cross sections for the Kennebec estuary in Figs. 4 & 5. More relevant to photosynthesis and primary production, however, is the critical depth (Sverdrup 1953 ). If we let I,= be the compensation light intensity, and substitute it for I,in Eq. ( l ) , we get Eq. (3) above. The depth at which the average light intensity in the overlying water column equals the compensation light intensity is the critical depth, ZCR This verti- If we assume this vertically integrated light intensity to be equal to an empirically determined critical light intensity, 40 ly d-' (Riley 1967 , Townsend et al. 1994 , the critical depth can be computed by knowing the incident light intensity and the extinction coefficient. This model assumes there is an even distribution and constant respiration of phytoplankton with depth, an excess of nutrients and that production is proportional to light. Grazing is implicitly included in the model, although the grazers were not considered in this study. The incident light value received at the surface in the Kennebec estuary during the cruises and in the absence of cloud cover was calculated from the formula where a = the solar irradiance at the sea surface on the winter solstice; p = the difference in solar irradiance at the sea surface between the winter and summer solstices; o = n/365; and t = day number after the winter solstice. Approximate values of a = 124 ly d-' and P = 349 ly d-' were used (Sverdrup et al. 1942) . Using extinction coefficients calculated from measured in situ Light intensities, the critical depth for each station was calculated and plotted on longitudinal sections of the estuary (Figs. 4 & 5) .
The critical depths in the lower estuary and half way to the middle estuary, about 15 km from the mouth, were deeper than or just touching the bottom for all the cruises. The critical depths became shallower toward the upper estuary and intersected the bottom at the point in the estuary where the chlorophyll minimum zone began, implying light limitation in that region. At 15 to 30 km from the mouth, critical depths were much shallower than the bottom depths (Figs. 4 & 5) , especially in regions where there are deep holes, where the bottom depth increases abruptly. Light appeared to be a limiting factor in the upper estuary as well, although, paradoxically, high chl a concentrations and cell densities were maintained there at least from May to September.
Critical depths at stations beyond 30 km from the mouth of the estuary in the September 1995 survey were shallower than the bottom depths, but those bottom depths are shallower than those in the middle part of the estuary farther downstream. The differences between the critical depths and bottom depths were less than 5 m in the upper estuary and the freshwater zone. However, during the ebbing and low tide, the critical depths were greater than the bottom depths at the uppermost station, Green Point, when the water from upstream was displaced farthest downstream. As a consequence, the entire upper estuary was light limited except at the uppermost station during low tide, when the clearer water from upstream enters the estuary.
DISCUSSION
The Kennebec estuary exhibits a wide range of temperatures and salinities, both seasonally and along its axis within seasons. The distributions of phytoplankton species tended to reflect the salinity distributions (Fig. 6 ) in keeping with reported preferences, e.g. Paasche (1975) and Brand (1984) . This is similar to the general spatial distribution of phytoplankton in estuaries as discussed by Green (1968) , who found that freshwater species dominate at salinities < l 0 and coastal species dominate at salinities >20, with the region between 10 and 20 being dominated by euglenoids, a group with low abundance in our study area. It was in this mid-estuary range of salinities that we observed the minimum in chl a concentrations and cell abundances. Salinity tolerances of true euryhaline species, such as Skeletonema costatum, an abundant species in our study, would not preclude them from growing in the mid-estuary where salinities ranged from 10 to 20. Rather, it appeared that light availability in the middle region of the Kennebec estuary imparted a controlling influence on the optimal growth conditions. Light is attenuated by scattering and absorption by dissolved and particulate materials. Suspended particulate materials (SPM), which primarily consist of sediments carried from the river and autochthonous particles produced in the upper estuary, are continually being diluted with seawater through mixing processes throughout the length of the estuary. This dilution, in addition to settling of particles, would be expected to result in increased water clarity toward the seawater end of the estuary. In the upper estuary at salinities <5, the amounts of autochthonous particles, as reflected by chl a concentrations and cell densities, were high and mainly composed of living phytoplankton cells, nonliving detritus (dead cells or fragments of cells) and aggregate particulates. Levels of SPM decreased gradually from the upper estuary to the lower estuary, as did the relative concentrations of dissolved organic matter (DOM) (Mayer et al. 1996) . Thus, with high loads of SPM and DOM, phytoplankton in the upper estuary are more likely to experience light limitation than in the lower estuary, with cells in the middle estuary experiencing light environments somewhere in between. In September 1993, June 1994, and July 1994 and at stations that were >30 km from the mouth in September 1995, our estimates of light attenuated by phytoplankton cells were high, exceeding 5 % of the total, which Harding et al. (1986) considered as imposing a significant self-shading effect. Of course these characterizations of the light environment must be viewed in the context of vertical mixing.
The vertical density structure of the Kennebec estuary over a tidal cycle, as shown by the salinity distributions in Fig. 3 , shows that from the middle to the lower estuary, short-term stratification and destratification events occur during a tidal cycle, indicating that the water column becomes unstable, and thus the depth of the mixed layer can be interpreted to extend to the bottom at those locations. Comparing the estimated critical depths and the bottom depths (Figs. 4 & 5) indicates that primary production in the lower estuary would not be expected to be limited by light, as the critical depths exceed the bottom depth. Thus, net production would be expected even if the water column were completely mixed from top to bottom. Proceeding from the middle estuary to the upper estuary, the critical depth at each station becomes shallower than the bottom depth, owing to increased light attenuation. Primary production would thus be light-limited in this region. Fig. 5 shows the critical depths with reference to the bottom depths in the upper Kennebec estuary and the changes during a tidal cycle in September 1995. The critical depths at the uppermost station (Green Point) were greater than the bottom depth during low and ebb tides and close to the bottom depth during high and flood tides. Thus, in this upper part of the estuary where river water enters the system (salinity at Green Point is 0.07 to 0.53), the phytoplankton populations were generally less limited by Light, which would then explain the high chl a concentrations there (5.6 to 9.2 pg 1-' at the center of the channel). However, at the next station, Ttving Point, which is located about 4.5 km downstream, chl a concentrations were as high as 5.1 to 8.6 pg 1-' despite the critical depths being shallower than the bottom depth; cells sampled here were likely delivered from upstream. Continuing down the estuary to the next station, Merrymeeting Bay, chl a concentrations showed the greatest fluctuation over the tidal cycle, ranging from 2.9 to 8.1 pg 1-l. As was the case at Twing Point just upstream, the critical depth at Merrymeeting Bay was shallower than the bottom depth. So from Twing Point downstream the phytoplankton growth started to become limited by light.
A possi.ble explanation for the high chl a concentrations in portions of the upper estuary, despite light limitation, is the transport of phytoplankton biomass into the area from the extensive areas of shallow marshlands (ca 1 m depth) in the upper part of the Kennebec estuary (Fig. 1) . Upstream of Merrymeeting Bay the channel is bounded by marshes and a side channel with depths less than 3 m joining the main channel between Twing Point and Green Point; the central channel is 1 to 3 m deep. Those shallow areas were not sampled because of inaccessibility by the research vessel. The phytoplankton species assemblage collected at the upstream channel included epiphytic or tychoplanktonic species (filamentous cyanobacteria) which were among the major species present at the Twing Point and Merrymeeting Bay stations, suggesting that phytoplankton cells were being washed into the river from the shallows. Highest productivity in such systems is usually found in benthic communities (Kirk 1994) . If the tldal movement or wind forcing is strong enough to resuspend the epiphytic phytoplankton, the large areas of shallow depths around the channel might be able to supply the high chl a concentrations and high cell counts seen in the channel of the upper estuary under conditions that would ordinarily be light limiting.
The result of these patterns of light limitation, salinity preferences, and freshwater sources of cells is a bimodal distribution of phytoplankton biomass, being lower in the middle reaches of the estuary than further north nearer the freshwater zone or further downstream in the lower estuary (Figs. 4 & 5) . The chl a minimum zone coincided with that part of the estuary where the critical depth intersected the bottom, reflecting a trans~tion to light-limited conditions. If we assume that as the freshwater enters the estuary the growth of phytoplankton becomes light limited, followed by cell death by grazing and subsequent decomposition of that organic material as it is advected downstream, we would expect to see a concomitant increase in the relative importance of the degraded forms of chlorophyll (phaeopigments). The observed changes in chl a and phaeopigments with salinity on the September 1995 cruise would support such a contention (Fig. ?) . The ratios of phaeopigments to chl a increased from the uppermost station (0.24 to 0.67) downstream and were greatest ( > l ) in the salinity range of 5 to 20, suggesting that phytoplankton cells were in good physiological condition at the time they entered the system at the freshwater zone, and that they subsequently died or were eaten and partially digested by grazers and started to be decomposed in the particle maximum region. The ratio decreased again in the lower estuary where the chl a concentrations began to increase slightly. As the chl a concentrations decreased from the freshwater zone toward the middle estuary, the ratios of phaeopigments to chl a remained high, and cell densities were always low in this middle region, in agreement with low chl a concentrations.
The distributions of inorganic nutrients in the Kennebec during this study, reported by Schoudel (1996) , also provide support for this interpretation. Schoudel's (1996) data showed that nutrients may have been limiting during July and August, and possibly September, but, interestingly, his nutrient versus salinity relationships showed that lowest concentrations ( < l pM) of nitrate+nitrite, and especially ammonium, were at either end of the estuary. The mid-region in the estuary, coincident with the chlorophyll minima, exhibited elevated nitrogenous nutrient concentrations in summer (2 to 3 pM greater than end-member concentrations), perhaps in relation to local nitrification processes as materials produced at either end of the estuary were decomposed and transported toward the mid-region.
In summary, these results demonstrate that the Kennebec estuary is a dynamic system, which exhibits a wide range of phytoplankton species composition and abundance, which in turn can be related to the effects on phytoplankton of salinity preferences and light limitation. The overall biological productivity of the estuary would appear to be less than expected, in that it is limited by a combination of factors, including its geographical length. That is, the length of the Kennebec estuary relative to advective flows and growth rates of phytoplankton results in a longitudinal progression of identifiable phytoplankton growth environments, beginning at both the seaward and freshwater ends. Freshwater phytoplankton at the head of the estuary, which apparently grow well in the shallow-water marshes and river banks there, become light limited upon initial introduction into the system. Thus, chloro-LITERATURE CITED phyll levels at the head are relatively high. As those waters flow seaward, and the organic matter decomposes, nutrients are regenerated, producing a midestuary peak in dissolved inorganic nitrogenous nutrients (Schoudel 1996) . Continuing seaward, phytoplankton are no longer light lunited, and, in the presence of regenerated nutrients and new nutrients delivered from coastal waters, phytoplankton biomass increases. The pattern that emerges is a bimodal biomass distribution of phytoplankton, with the midregion comprising a low productivity area of organic matter recycling and nutrient regeneration.
